An isolated small wind turbine emulator is described in this paper. The 
Introduction
Electricity generation using renewable resource is crucial for remote or isolated locations removed from the grid. There are lots of remote and isolated places all around the world where a small-scale wind power generation can be connected together to meet the users load demand. In order to deploy any wind turbine system it is necessary to emulate the steady state and dynamic behavior of the system and test the power electronics and controller performance in a laboratory environment to avoid problems at installation. In remote locations we would like to power the associated power electronics circuitry of the wind turbine from the wind turbine itself. One of the control aspects should deal with the over speed situation so that the mechanical and electrical components of the turbine are able to handle such events. Also, as far as the power production is concerned, it is desirable to extract the maximum power from the wind turbine system. Due to these reasons, this paper proposes an isolated small wind turbine emulator system which incorporates over speed control, isolated supply for system power electronics and maximum power extraction. A small wind turbine emulator (WTE) is developed in the lab environment to simulate the practical behavior of the system. To control the aerodynamic power, furling control method has been chosen as it is widely used [1, 2, 3, 4] for small wind turbines and the resulting dynamics are also incorporated with the use of PC based wind turbine model. In order to represent the rotor dynamics, a large inertia disk is designed and coupled to the systems. A Dump load is connected to the generator through a microcontroller controlled DC-DC converter. To ensure maximum power extraction a dynamic controller is discussed which compares the actual tip speed ratio (TSR) with an optimum TSR and uses the difference to control the pulse width modulation (PWM) duty cycle of the buck-boost converter through a programmed microcontroller.
A wind turbine emulator (WTE) is fundamentally a demonstration of a practical wind turbine in a laboratory environment. The general structure of a WTE consists of a PC where the characteristics of the wind turbine are implemented using a DC or AC drive to emulate the wind turbine rotor, feedback mechanism from the drive and power electronic equipment to control the drive. The feedback signal is usually acquired by the PC through an A/D converter and the signal for driving the power electronic equipment comes from the PC through a D/A converter. In this research a DC motor is used to simulate the wind turbine rotor due to several advantages described in the previous work [1] . This paper is organized as follows. The first section is a short overview of the proposed emulator. In the second section the emulator related power electronic circuitries and controller are described. Standard procedure to calculate the motor parameters and a design procedure of the inertia disk is discussed in the third section, and the fourth section contains the emulator test result. Finally, the findings of the investigations are highlighted in the conclusions.
Wind Turbine Emulator and Associated Power Electronics
The wind turbine is a highly nonlinear system. To represent a realistic wind turbine, several dynamics should be included in the model. In this study the dynamics of the furling action and rotor are incorporated. As the wind turbine system considered is of the direct drive type, drive train dynamics are not considered in the emulator. Rather an inertia disc is added to the system to represent the inertia of the wind turbine rotor.
The wind turbine model is implemented in QBASIC 4.5 code and the equations can be found in the previous work [1] . The small wind turbine emulator (SWTE) developed in the laboratory, consists of a 3HP DC motor that drives the constant-field excited three phase synchronous generator. The output of the synchronous generator is rectified and passed through a DC-DC converter where the duty cycle of the converter is controlled by a microcontroller. The output of the converter is then connected to a dump load. The basic structure of the experimental rig and a complete picture of the test-rig are shown in Figure 1 A tachogenerator is used to measure the motor speed and a current sensor is used to measure the motor armature current. A simple amplifier and filter is used in conjunction with the current sensor to reduce the noise in the current signal. The output of the controller fires the phase-controlled relay. A complete schematic of the wind turbine section of the emulator is shown in Figure 4 .
A large inertia disk made of cast steel C1O/20 is coupled to the synchronous generator that is mounted at the other end of the DC motor through a flexible coupling. It reflects the inertia of a real wind turbine rotor.
The output of the synchronous generator is first rectified by a 3-phase rectifier and then passed through a DC-DC converter. The topology selected was the buck-boost converter, as the variation of wind speed and expected output voltage are not known in advance. The duty cycle of the converter is controlled by a microcontroller (PIC 18F452) and the output of the converter is connected to a dump load. In order to resolve the driving issue of the MOSFET a simple approach was selected. An opto-coupler was used to separate the grounding of the PIC and driver stage. In order to power the opto-coupler and driver an isolated supply was produced using another single output +5V to +15V commercially available dc-dc converter. The generator RPM is measured its output voltage. The single-phase voltage of the generator is lowered using a transformer, then it is converted into square wave using an Schmitt trigger. The square wave pulses are converted into an analog voltage using a frequency to voltage converter. Resulting analog voltage is supplied to the microcontroller.
The reference voltage for the Schmitt trigger was also selected using a voltage divider power up from the dc-dc converter. The variable frequency of the pulses was converted to voltage using an F/V converter IC. An amplifier stage is necessary to amplify the low voltage to OV -5V range. A dual output (+5 to +15/-15) dc-dc converter was used to power the Schmitt trigger, F/V converter and amplifier. A fixed voltage regulator was used to supply the necessary +5 volt to the dc-dc converters and the PIC. A 3-'t bridge rectifier was used to convert the ac voltage to DC and a variable resistor and zener diode combination was used to regulate the input DC voltage variation to the acceptable input voltage level of the fixed voltage regulator. A complete photograph and the complete power electronics schematic are given in Figure 3 and Figure   5 . In order to extract the maximum power an optimum tip speed ratio (TSR) control was selected. The actual TSR of the wind turbine is compared with an optimum TSR and the controller controls the duty cycle of the converter as required. The PWM wave created by the microcontroller switches the converter to control the dump load connected to the system. The microcontroller was programmed using MikroBasic 2.0.0.4. The basic structure of the maximum power extractor is shown in Figure 6 . 
Motor Parameters Calculation
The DC motor used in this research is rated at 3 hp and the parameters of the motor are determined through experimentation rather than assuming the value from the manufacturer. The following procedure was used to obtain the parameters.
The armature resistance of the motor was determined by applying a DC voltage at the armature terminal and measuring the corresponding current.
Several methods exist to determine the inertia of a DC drive. A review of the existing methods by I. H. Lin [5] found that most methods lead to uncertainty in the parameters. In this paper a general approach is considered which is based on the following equation:
J =Tm* Kt* Ke/Ra where, J is the moment of inertia of the motor, Tm is the mechanical time constant of the motor, Kt is the torque co-efficient of the motor, Ke is the back emf constant of the motor, Ra is the armature resistance of the motor.
The mechanical time constant of the motor is determined by applying a step voltage at the input of the motor and recording the time it takes to reach 36.9% of its maximum value. It was found that the inertia of the motor is almost constant regardless of the variations in the motor armature voltage and current.
The back emf constant and torque co-efficient are calculated as follows [6] Ke = V/00OO (1) where, Vo is the no load voltage of the armature and 0o is the no load speed ofthe motor K, = 9.5439e-3 * Ke (2) where, Ke is the back emf constant in V/krpm.
The inertia of the wind turbine is a critical part of the research. It largely depends on the rotor radius, blade length and material. An extensive review indicates that the information available regarding the moment of inertia of the wind turbine rotor is not adequate. An assumed value based on the practical experimentation is considered here. The inertia disk is designed using the following approach.
For a solid cylinder, the inertia is given by
where, M is the mass of the solid disk and R is the radius of the disk Mass = Volume * Density
Cast steel C10/20 is considered for the disk. From (3) the thickness is calculated by choosing suitable radius and it is found that a disk of around 46 kg adequately represents the inertia of a 3 kW wind turbine.
Results
The small wind turbine emulator described above was implemented and tested in the laboratory environment. A simple gain scheduled digital PI controller was designed to make the speed of the DC motor the same as the required rotation of the wind turbine rotor and to operate the WTE in a wide wind speed range. The reference output voltage from the PC was passed to the phase-controlled relay through the Lab Master I/O board. After rectification it was applied to the motor armature. The speed control is implemented in highlevel language and the starting armature current of the motor is controlled through coding which decreases the necessity of any extra circuitry. The motor field supply was fixed at 76V. A step increase in wind speed (from 7 to 8 m/s) was applied to the emulator model as shown in Figure 7 . The corresponding reference rotor speed (upper trace), actual rotational speed (middle trace) of the motor and error (lower trace) are presented in Figure 8 . It is shown that after a step, within 3 minutes the speed follows the reference rotor speed and the error term becomes more or less zero. Figure 9 represents the furling dynamics of the wind turbine. After a step input, within an acceptable time the rotor comes to a stable state. Figure 10 represents the variation of armature current with a step change in load. As long as the load changes, the armature current settles down to a new higher value. The measured current has been smoothed for every 25 points to display the variation more accurately. For an initial guess of the PI controller parameter values, the Ziegler-Nichols method was applied and finally after several trial and errors a suitable set was determined.
Conclusion
)0 800 1000 1200 1400 1600 1800 2000 2200 Time (second) 7: Wind speed profile applied to the wind turbine A wind turbine emulator provides an excellent platform for testing and observing the wind turbine behavior as well as power electronics and controller performance. This paper proposes a novel isolated wind turbine emulator for small wind turbine system where aerodynamic power is controlled through furling action and the resulting dynamics are also incorporated in the small wind turbine model. System design, required power electronics and control scheme are discussed. A maximum power extraction technique for such small wind turbine is also discussed using load control. Preliminary system test results show acceptable performance. Further investigation is being undertaken to improve the performance of the system. 
